Abstract: Beams carrying orbital angular momentum (OAM) are very helpful in enhancing the information carrying capacity in free-space optical communications. However, atmospheric turbulence and energy attenuation will seriously affect communication quality and signal transmissions. Here, a novel coherent separation detection technology for OAM mode division multiplexing is proposed, and numerical simulation work is conducted. With the proposed structure, two light beams with different OAM states, each encoded with 16-quadrature-amplitude modulation orthogonal frequency-modulated (QAM-OFDM) signals, can be demultiplexed and allow two orders of magnitude bit error rate (BER) lower than direct separation detection. Moreover, we show the scalability of multiplexing four OAM beams, achieving a 20 m free-space transmission with BER below 3.8 × 10 -3 for all channels at signal-noise ratio (SNR) 18 dB. Our results show that coherent separation detection has excellent antinoise performance and can effectively extend the communication distance. It also paves the way for entirely new coherent optical OAM communications.
Introduction
Angular momentum, which is one of the most fundamental physical quantities in both classical and quantum mechanics, comprises spin angular momentum (SAM) and orbital angular momentum (OAM) [1] - [4] . The former is associated with two possible orthogonal polarization modes (left and right circularly polarized modes) [3] - [5] , and OAM is related to the angular distribution of the wave phase front which can be characterized by a helical phase form of exp(i lφ), where l is the topological charge and θ is the azimuth angle [6] . Since the OAM states with integer topological charges are mutually orthogonal to each other and form a theoretically unbounded Hilbert space, it is expected that OAM can be employed as a new multiplexing/modulation degree to improve the capacity and capacity density of communication system [7] - [12] .
Recently, researchers have verified the use of OAM in communications. By multiplexing OAM light beams, a free-space data link with 2.56 Tbit/s capacity and 95.7 bit/s/Hz spectral efficiency were achieved [7] . By using OAM multiplexing combined with wavelength division multiplexing, a total transmission capacity of 100.8 Tbit/s was obtained [8] . OAM and MIMO-based spatial multiplexing can also be simultaneously utilized: a capacity of 80 Gbit/s was accessible in FSO communication system [9] . Although larger communication capability was obtained in these reports by OAM multiplexing, the communication distance and system performance are limited for the OAM de-multiplexing technology based on direct separation (e.g., first recover the target OAM beam to Gaussian beam with bright spots at the center, then the Gaussian beam is separated directly from the mixed beam by pinhole or mode filter) [7] - [12] . The de-multiplexing technique based on direct separation is a crude way to get the Gaussian beam and is easy to be disturbed. On one hand, the phase distribution of OAM beams will be distorted in the transmitting process [13] , this results in the energy loss of central bright spots of covered beam (loss of signal power that reduces the SNR). Therefore, when the communication distance is long, the BER performance of the system will be degraded. On the other hand, the intensity boundary of neighboring OAM beams are blurred [14] , making it hard to separate the desirable beam precisely and leading to cross-talk.
In this paper, we proposed a novel de-multiplexing technique based on coherent separation detection. This coherent detection can extract the target signals carried by OAM beam through optical interference and differential coherence. The multiplexed OAM beams are split into two subbeams. After killing the energy of desirable OAM beam by interference in one sub-beam path, the differential coherence is used to obtain the intensity information of desirable OAM beam. The power penalty of direct separation is about 16 dB at the transmission distance of 30 m by theoretical calculation, while the power penalty for coherent separation is less than 1dB. At SNR 18 dB, the BER of the communication system based on coherent separation detection is two orders of magnitude lower than that based on direct separation detection for two OAM modes carrying 16QAM-OFDM signals. Coherent separation also has a good performance to reduce noise effects than direct separation for four OAM modes which carrying 16QAM-OFDM signals. When the SNR is 18dB, the BER performance of coherent separation is below 3.8 × 10 −3 for all channels, while the SNR is 20 dB for traditional technologies when the BER is below 3.8 × 10 −3 for all channels. The channel with larger topological charge (l = + 6) shows more significant improvements than others and the coherent separation shows a 5 dB SNR penalty less than direct separation at BER bellows 3.8 × 10 −3 .
Schemes for Multiplexing/DE-Multiplexing of OAM Beams

Transmission and Detection of OAM Beams
The Laguerre-Gaussian (LG) beams are the most common OAM beams. A LG beam with angular mode number l and transverse radial mode number p can be written as [15] As shown in Fig. 1 , the phase structure of LG beams will be distorted with the increase of distance, and it's more serious at its periphery than center.
At the waist of LG beam, assume z = 0, the phase structure can be written as [16] (r , φ,
The grating with l dislocations in the center is fork-like grating, and the phase grating in the pattern determined by the wave structure in expression (2) reads
where a ( * ) denotes the amplitude structure, e.g. the binary phase grating takes the form
This amplitude structure function can be expanded into Fourier series as follows:
When a Gaussian beam strikes this phase grating, the far-field diffraction pattern can be expressed as
Here, (r , φ ) is the location of a point in polar spatial-frequency domain. After derivation, the far-field distribution can be written as follows [12] :
Here, (w x , w y ) is the location of a point in Cartesian coordinate representation, which is related to the polar coordinates presentation. c p is the decomposition coefficient of the diffractive field in (6) . As given in (7), by using this phase grating, the Gaussian beam can be transferred to OAM beam with topological charge nl, and the OAM beam can also be transferred back to Gaussian beam by a reverse process. When Gaussian beam strikes a spiral phase mask, the far-field diffractive beam can also be expressed as (7) . Therefore, fork grating and spiral phase masks are two major technologies to generate and recover OAM beams. Fig. 2 , the intensity of a bright spot at the center of the beam that recovered by fork grating or spiral phase mask will gradually recede with increase in transmission distance and eventually vanish completely over the distance of 30 m. Meanwhile, a ring-shape distribution of the beam intensity will appear around the center and get brighter and brighter. This indicates that the direct separation will suffer a large power penalty which result in the reduction of SNR. As can be seen in the Fig. 2(d) , the phase of the recovered beam keep a Gaussian beam like without spiral phase at the different distance, which enable the coherent separation to detect signals.
The phase distortion may be the main factor of this phenomenon. The inverse spiral phase of the LG beam located at the distance of 0 m, which is included in the fork grating or spiral phase masks, will no longer match the phase of LG beam with increase in transmission distance. To verify this conjecture, we use spiral phase masks with inverse spiral phase of the LG beams (mod( (r , φ, z), 2π)) at corresponding distance to recover the LG beams instead of the original spiral phase masks. Fig. 2 (e) shows the improved spiral phase masks at the distance of z = 0 m, 5 m, 10 m, 15 m, and 30 m. And the intensity distribution of the beam recovered by the improved spiral phase masks is displayed in Fig. 2 (f). As illustrated in Fig. 2 , the intensity distribution of the beams are always keeping a bright high-intensity spot at its center. Because the phase distortion at the periphery is more serious than the center, we use a pinhole to filter the phase around center, and the intensity distribution of the recovered beams are shown in Fig. 2(g) . The results show the available technologies to keep a bright spot at the center, and confirm the conjecture. Although we can use the two technologies discussed above to keep a bright spot at the center, but the structure of improved spiral phase masks is only applicable for particular transmission distance of OAM beams, this limited the flexibility of OAM beam detection. And the method of using pinhole to filter the phase around the center also suffered a large power penalty.
The Concept of Coherent Separation Detection
An information-carrying OAM beam can be represented as
Here, S(t) is modulated data signal, A (r ) · exp(i lθ) is the OAM beam with topological charge l. When OAM beams with two OAM states (l = l 1 , l = l 2 ) are multiplexed, the multiplexed beams can be represented as
Ideally, when the multiplexed beams are demultiplexed by a spiral phase masks with the inverse spiral phase (l = l 1 ), the demultiplexed beams can be represented as
Then, the demultiplexed beams are split into two sub-beams by a beam splitter (BS). One subbeam is reflected even number of times to keep the initial OAM states. Another sub-beam passes through a phase shifter to make a π/2 phase delay between the two sub-beams. Then the two sub-beams are multiplexed together again by a 50:50 BS. Just like a Mach-Zehnder interferometer, the BS has two outputs. One sub-beam will be reflected by the BS, which makes the beams with reverse OAM charges and a π/2 phase shift for each output, and the topological charge l 2 − l 1 will be instead of l 1 − l 2 . For one output, the topological charge l = 0 will have a destructive interference for the π (π/2 + π/2) phase difference, while the topological charge l 2 − l 1 and l 1 − l 2 will exist for the mutual orthogonality. As a result, the energy (E1) of beams doesn't include the energy of the beam (l = 0). For another output, the topological charge l = 0 will have a constructive interference for the 0 (π/2 + π/2) phase difference. So, the energy (E2) of beams include all the energy of the beam (l = 0). It is worth noting that even the BS is not perfect 50:50 in reality, effective destructive interference can also be achieved by adjusting the incident angle and the phase difference. The energy E1, E2 can be represented as
Here, E l 2 is the energy of the original beam with charge of l 2 , E l 1 is the energy of the original beam with charge of l 1 . Then the energy of signal OAM beams can be extracted from the difference of energy with less power penalty
Atmospheric Turbulence for OAM Beam Distortion
The natural random time-dependent variations in temperature and the pressure of atmosphere will induce density turbulence in atmosphere [17] , which results in spatial dependent change of refractive index [18] . Due to the refraction fluctuations, a laser beam will experience scintillation, beam spreading, beam wandered in transmission [19] , [20] . Atmospheric turbulence can be modeled by a single-phase screen, and is commonly referred to as thin phase turbulence [21] . It's a common way to generate the phase screens (φ(x, y)) with a spectral domain algorithm based on Fourier-transform. Here, we use the form developed by Hill [22] and defined analytically by Andrews [19] : where C is a random complex matrix (N × N ) with mean zero and variance one. L = L /N , L is the length of phase screen. (k x , k y ) is the phase spectrum in k-space. For OAM-multiplexed communication system, it is more easily affected by atmospheric turbulence. Because the signals are not only encoded by amplitude but also phase vortices. A strong scintillation will lead to intensity nulls which associated with phase vortices. This will bring an additional problem as phase vortices are precisely the means of the encoding, and randomly generated vortices introduce errors into such a scheme [18] . The electric field of an OAM beam can be represented as
Here, U o (r , θ, z) is the field in the absence of turbulence at a distance z, φ(r , θ, z) is the equivalent phase screen at z, χ(r , θ, z) is the random log-amplitude at z. When only considering the effect on phase, (15) can be written as
Because of the phase vortices generated by atmospheric turbulence, the detection probability of an OAM beam with charge |m can be represented as [23] 
As given in (17) , if a photon with topological charge l is transmitted, because of the atmospheric turbulence, the received photon is measured to carry OAM of m (m = l ). Consider this from the perspective of origin Hanbury Brown and Twiss (HBT) interference. Atmospheric turbulence can also give rise to the formation of intensity correlations among the OAM components [24] , which will directly affect the coherence detection. Fig. 3 shows the proposed schematic of OAM multiplexing/de-multiplexing optical communication system. The part of the transmitter is used to generate 16-QAM intensity modulated OFDM signals.
Multiplexing/DE-Multiplexing Optical Communication Based on Coherent Separation Detection
Two Gaussian beams (w 0 = 0.002 m, λ = 1550 nm) are used as input beams to carry data information (Data1X, Data2X), and two SLMs (SLM1, SLM2) loaded spiral phase masks (l = + 3, l = +1 ) are used to generate two OAM modes (OAM1, OAM2) for multiplexing. The intensity distribution of OAM beam consists of bright ring with no intensity at the center. Then, the two OAM beams are multiplexed together by a beam splitter (BS). The multiplexed OAM beams are split into two sub-beams (C1, C2) after free space transmission. The inverse spiral phase masks with a specified charge (l = − 3, l = −1 ) are used to recover OAM beam in each copy. The recovered beam has a bright high-intensity spot at the center, but as we discussed in chapter 2, the energy of the spot (signal energy) will gradually recede with the increase in distance, and it is easily influenced by the energy of other OAM beams. Here we separate the signal beam with coherent separation instead of direct separation. The recovered beam (l = 0, l = − 2) from C1 is then split into two copies (L1, L2), then L1 is reflected four times (three times by the mirrors and once by the BS) to keep the charge (l = 0, l = − 2), L2 passes through a phase shifter to make a π/2 phase difference with L1. L1 and L2 are multiplexed together again by a BS, and one of the two copy will be reflected once by BS to reverse the charge (l = 0, l = 2). Like a Mach-Zehnder interferometer, there are two output beams. For PD1, the BS reflection will cause a π (π/2 + π/2) phase difference between L1 and L2, so the beam with charge l = 0 will have a destructive interference, while the energy of OAM beams with charges l = 2 and l = −2 will not lose because the OAM states are mutually both orthogonal, the energy (E1) detected by PD1 does not include the energy of the beam (l = 0). While for PD2, the phase difference is 0, the beam with charge l = 0 will have a constructive interference, the energy of OAM beams with charge l = 2 and l = −2 will still not lose, the energy (E2) detected by PD1 includes all the energy of the beam (l = 0). Then the signal energy of the beam (l = 0) can be obtained by the formula E = 2(E2-E1), and the OFDM 16-QAM signals can be restored by subsequent processing.
The OAM-multiplexed FSO communication link is disturbed by both the bit errors of the single OAM state carrier and the "crosstalk" interference between the different OAM states carriers [25] , [26] . Here we simulate the bit errors of a signal OAM state carrier by adding a Gaussian white noise and use SNR to represent the noise level. In addition, we use the medium intensity atmospheric turbulence to study the "crosstalk" interference between the different OAM states carriers.
To compare the performances of coherent separation detection and direct separation detection at different transmission distance, we first use only one OAM channel (l = 3) to compare the power penalties of the two technologies without signals and turbulence. For normalized energy Gaussian input beam, Fig. 4(a) plots the power penalties of the OAM beam (l = 3) as a function of transmission distance for two technologies. As can be seen in the Fig. 4 , signal power can be well detected by coherent separation detection, the power penalty is less than 1 dB even at a rather long distance, but for direct separation detection, the power penalty increases rapidly from 0 dB to 16 dB as the transmission distance increases, and it is significant even at the meter level. This will greatly influence the communication performance.
The signals are easier to be influenced by channel crosstalk and additive Gaussian noise for a communication system with severe energy loss. We compare the BER performance of two technologies for 2 OAM multiplexed (l = +3, l = +1, each carrying OFDM-16QAM signal) at a SNR of 18 dB with turbulence. Fig. 4(b) shows the BER of the OAM beam (l = +3) as the function of distance. As illustrated in Fig. 4 , coherent separation shows better BER performance than direct separation, and is more appropriate for a long transmission distance. The BER of coherent separation is two orders of magnitude smaller than that of direct separation with the increase in distance. For visualization purposes, the 16QAM-OFDM constellations for the demultiplexed OAM beams are also presented. Fig. 4(c) shows the constellations of the OAM beam (l = +3) based on direct separation at the distance z = 10 m, 15 m, 20 m, and 30 m. Fig. 4(d) shows the constellations of the OAM beam (l = +3) based on coherent separation at the distance z = 10 m, 15 m, 20 m, and 30 m. As illustrated in Fig. 4 , only little overlap appears in the constellations at a distance z = 30 m for coherent separation, which implies that the BER performance of coherent separation keeps better than that of direct separation at a long distance. The error vector magnitude (EVM) is used to evaluate the quality of the four received signal constellations. Results of EVM for both two technologies are reported in Table 1 . We can see that the EVM for coherence separation can keep stable with the increase in distance, but the EVM will increase significantly from 11.73% to 47.21% for direct separation.
To further compare the capability of noise immunity of two technologies, we compare the BER performance of two technologies for 4 OAM multiplexed (l = + 6, +3, +1, −2, each carrying OFDM-16QAM signal) at a distance of 20 m with turbulence. Fig. 5(a) shows the intensity distribution of each demultiplexed beam (l = + 6, +3, +1, −2) after corresponding SLM. As illustrated in Fig. 5 , the larger the topological charge is, the weaker the intensity at the center is. So the OAM beams with larger topological charge will be easier to be affected by noise for direct separation. Fig. 5(b) shows the intensity distribution of beams when we used the coherent subtraction to subtract the energy of the desire OAM beams from each demultiplexed beam. Fig. 6(a) plots the BER-SNR curve of each OAM mode when the two technologies are applied. As illustrated in Fig. 6 , the BER performance of coherent separation is better than that of direct separation at different SNR. We can also find the different value, between four OAM channels, increases with the improvement of SNR. It's because additive Gaussian noise plays the leading role when SNR is low, while the crosstalk noise is too small to be felt, so the BER is almost the same. When SNR is high, crosstalk noise plays the leading role instead, increases differential value between four OAM channels. Coherent separation is better able to resist noise than direct separation, and causes a rising tendency for the difference of BER value with increase in crosstalk noise. And some technologies used to mitigate the effects of atmospheric turbulence (e.g. error correcting coding, phase correction), may be helpful in enhancing the performance of coherent separation.
The 16QAM-OFDM constellations of the OAM channels +6, +3, +1, −2, at a SNR of 20 dB for direct separation are shown in Fig. 6(b) . It can be seen from figure that the BER of OAM channels +6 is almost equal to that of OAM channels +3, +1 at the same noise. It's because the OAM channels +6 has weaker intensity at the center than the OAM with smaller charge for direct separation. The 16QAM-OFDM constellations of the OAM channels +6, +3, +1, −2 at a SNR of 20 dB for coherent separation is shown in Fig. 6(c) . As it can be seen that the BER of OAM channels +3, +1 at the same SNR is higher than that of others, this can be partially attributed to OAM crosstalk caused by atmospheric turbulence [27] - [29] , the OAM channels +3, +1 are at the middle of the four OAM channels, so the crosstalk noise they suffered is bigger than that of the others. With the comparison of Fig. 6 (b) and (c), the BER performance of each OAM mode for coherent separation is better than that for direct separation, especially for the OAM mode +6. Coherent separation detection has the advantages of higher efficiency and lower loss than that of traditional technologies. Here, the EVM of the four received signal constellations is also presented. Results of EVM for both two technologies are reported in Table 2 . The data in Table 2 show that coherent separation gives better EVM performance than direct separation for all OAM channels. As for OAM channel +6, the value of EVM will from 14.05% decreases to 9.55% when the direct separation is replaced by coherent separation.
Conclusion
As OAM was found to be a new multiplexing dimension, many studies had shown that high capacity communication can be achieved by employing OAM multiplexing, but the transmission distance is almost meter levels in these researches, and the BER is frustrated high because of the atmospheric turbulence and mode crosstalk [12] . In this paper, we find that the energy of the spot at the center of beam covered by fork phase or helical phase will gradually decrease as the transmission distance increases, which reduce the SNR, and the energy of the signal OAM beam is easily influenced by the neighboring OAM beams because of the far-field diffraction. Therefore, it is not suitable for the way of separating the spot intensity directly for a long transmission distance. To solve this problem, we propose a new method separating the desirable OAM beam based on coherence separation. We compared the performance of coherence separation and direct separation at different distance for two OAM multiplexed system (each carrying OFDM-16QAM signal). The results show that direct separation suffers a large power penalty for the increase in transmission distance. Therefore, it is utterly useless for communication at the distance of 30 m. While coherence separation only has a little power penalty (less than 1 dB) with the increase in distance, and it still has a good BER performance at the distance of 30 m. We then further compared the ability to resist noise for two technologies by four OAM multiplexed system (each carrying OFDM-16QAM signal) at the distance of 20 m. The results show that the BER performance of coherence separation is better than that of direct separation at different levels of noise. At a SNR of 18 dB, the BER is below 3.8 × 10 −3 for all channels for coherence separation, while the SNR is 20 dB for traditional technologies when the BER is below 3.8 × 10 −3 for all channels. It's easier to be affected by noise for direct separation, while coherence separation shows good noisy robustness. Overall, coherence separation has the advantages of longer transmission distance, higher efficiency, and lower loss than that of direct separation. Coherent separation can also have less power penalty and better performance than direct separation even at the meter level transmission distance through the above analysis. This property can be used to increase the transmission distance where the traditional technologies are not competent and improve the reliability of OAM multiplexing communication systems.
